Aims There are no studies directly comparing self-administration of methamphetamine and d-amphetamine by humans. This study compared intranasal methamphetamine-and d-amphetamine self-administration and characterized the mood, performance and physiological effects produced by the drugs. Design A randomized, double-blind, placebo-controlled, cross-over study. Setting An out-patient research unit at the New York State Psychiatric Institute. Participants Male recreational methamphetamine users (n = 13). Measurements Five 2-day blocks of sessions were conducted. On the first day of each block, participants 'sampled' a single methamphetamine or d-amphetamine dose (0, 12, 50 mg/70 kg) and a monetary reinforcer ($5 or $20). Amphetamine plasma levels, cardiovascular, mood, and psychomotor performance effects were assessed before drug administration and repeatedly thereafter. On the second day of each block, participants chose between the sampled reinforcers (drug or money). Findings There were no significant differences between the drugs on the majority of measures. Under the $5 condition, both amphetamines increased self-administration dose-dependently, with 41% drug choices overall. Under the $20 condition, only 17% drug options were selected. Both drugs increased cardiovascular activity and 'positive' mood, although methamphetamine produced more prominent effects on some measures (e.g. heart rate and ratings of 'high'). Conclusions Methamphetamine and d-amphetamines appear to produce a similar dose-related profile of effects in humans, which supports their equivalence for abuse potential.
INTRODUCTION
Methamphetamine and d-amphetamine have nearly identical chemical structures. Methamphetamine is the N-methylated analog of d-amphetamine and both are approved in several countries to treat similar medical conditions. Despite their structural similarities and medical sanctioning, d-amphetamine is one of the most frequently prescribed medications, whereas methamphetamine is rarely prescribed [1] . It is possible that methamphetamine is prescribed relatively less frequently because it is perceived to have a greater abuse potential.
In fact, epidemiological evidence indicates that methamphetamine abuse rates are greater than those of d-amphetamine. According to the US Treatment Episode Data Set [2] , in 2007 methamphetamine users comprised approximately 96% of all amphetamine treatment admissions. One possible explanation for the greater incidence of methamphetamine abuse is that illicit methamphetamine is more readily available due to its purported ease of synthesis.
Another explanation is that the addition of the N-methyl group to the basic amphetamine structure makes methamphetamine more lipophilic (and thus *Current address: Department of Psychiatry and Behavioral Neurosciences, University of Chicago, Chicago, IL, USA. more potent) compared to d-amphetamine [3, 4] . Despite this structural modification, results from pre-clinical studies generally support the notion that methamphetamine and d-amphetamine are equipotent on a range of dependent variables. For example, Melega and colleagues [5] observed that the drugs had equivalent pharmacokinetic profiles and similarly increased striatal dopamine in rats. Findings from behavioral studies are also in line with this view. At equivalent doses, methamphetamine and d-amphetamine produced similar locomotor activation [6] and discriminative stimulus effects in rats [7] . Finally, both drugs-at comparable dosesare self-administered by rhesus monkeys and rats at similar rates [8, 9] .
Concordant with the literature obtained with laboratory animals, direct comparisons of the effects of oral methamphetamine and d-amphetamine in humans indicate that the drugs produce overlapping effects on measures of cardiovascular activity, mood and drug discrimination [10] [11] [12] . An important consideration of these studies, however, is that they compared relatively low oral doses (i.e. 2.5-30 mg). It is unclear to what degree these findings generalize to illicit methamphetamine use. Recreational methamphetamine use is purportedly used in larger doses via routes of administration that produce a more rapid onset of effects (e.g. intranasal, intravenous and smoked: [13] ). The onset speed of drug-related effects is a critical determinant of the intensity of mood and behavioral effects of a drug [14, 15] . Thus, it is possible that potential differences between methamphetamine and d-amphetamine may only be detected following a route of administration associated with a faster onset of effects. There have been no direct comparisons of these amphetamines using a route associated commonly with abuse.
It is also important to note that previous comparisons of oral methamphetamine and d-amphetamine primarily examined drug-related effects on mood and/or drug discrimination. Although these measures provide potentially useful information about the abuse potential of a given drug, they are related indirectly to actual drugtaking behavior and may not correspond with selfadministration data. Results from studies indicating that drug-related subjective effects and self-administration can be dissociable highlight this point [16] . For example, using a choice procedure during which participants had several opportunities to self-administer oral d-amphetamine (5 mg) or placebo, Johanson & Uhlenhuth [17] reported that d-amphetamine-related subjective effects were comparable in all subjects but did not predict choice to self-administer the drug. These results underscore the importance of assessing drug-taking behavior in the human laboratory.
In an effort to understand further the impact of modifications of the basic amphetamine structure on human behavior, the present investigation directly compared intranasal methamphetamine and d-amphetamine (0, 12 and 50 mg/70 kg) self-administration and documented the subjective, cardiovascular and psychomotor performance effects of the drugs. During a 'sample' session, participants were administered a single drug dose and given a monetary reinforcer (US$5 or $20). On the following day, participants had the opportunity to choose between the sampled reinforcers (drug or money). Data from several self-administration studies indicate that increasing the value of an alternative non-drug reinforcer decreases drug choice in laboratory animals [18, 19] and humans [20, 21] . Thus, we hypothesized that methamphetamine and d-amphetamine would similarly increase drug self-administration when $5 was the alternative reinforcer, but amphetamine-related selfadministration would be attenuated when $20 was the alternative reinforcer. Furthermore, we predicted that both drugs would increase 'positive' subjective-effects ratings and cardiovascular values dose-dependently, and improve psychomotor performance.
METHODS AND MATERIALS

Participants
Male research volunteers (n = 13: one Asian, six black, two Hispanic, four white) completed this study. They were 37.4 Ϯ 7.3 [mean Ϯ standard deviation (SD)] years of age and had completed 14.8 Ϯ 2.0 years of formal education. All passed comprehensive medical examinations and psychiatric interviews and were within normal weight ranges according to the 1983 Metropolitan Life Insurance Company height/weight table (body mass index: 24.9 Ϯ 2.7). All participants reported current methamphetamine use (9.4 Ϯ 4.7 days/month). Seven participants reported current alcohol use (four to 10 drinks/week), seven reported current cocaine use (1-8 days/month), three participants reported current marijuana use (4-12 days/month) and four smoked three to 20 tobacco cigarettes/day. Three met criteria for current methamphetamine dependence but none were seeking treatment for drug use and none met criteria for any other Axis I disorder.
All participants were solicited via word-of-mouth referral and newspaper and online advertisement in New York City. Before enrollment, each signed a consent form that was approved by the Institutional Review Board of The New York State Psychiatric Institute (NYSPI). Upon discharge, each participant was informed about experimental and drug conditions and paid for participation at a rate of $60 per day.
Pre-study training
Prior to starting the study, participants completed two training sessions (3-4 hours each) on the computerized psychomotor tasks that would be used during the study. Additionally, on a separate day, they received the largest active methamphetamine dose (50 mg/70 kg) to be administered during the study in order to monitor any adverse reactions and provide them with experience with a study drug. No untoward effects were noted.
Design
This 10-session out-patient study consisted of five 2-day blocks of sessions, during which physiological measures were assessed and participants completed visual analog mood scales and computerized psychomotor task batteries. Table 1 shows the study design. Briefly, the first day of each block was a sample session, during which participants received an intranasal amphetamine dose (0, 12, 50 mg/70 kg) and a monetary reinforcer. The monetary reinforcer was US$5 for seven participants and US$20 for six participants. The second day of each block was a choice session, during which participants could work for all or part of the drug and/or money they received on the previous day. Each block of sessions was separated by at least 48 hours and each participant experienced all dosing conditions, which were counterbalanced.
Procedure
Sample sessions
Each session began at approximately 09:00 hours and lasted for nearly 6 hours. Upon reporting to the laboratory, participants passed a field sobriety test and gave a urine sample that was negative for several drug metabolites, excluding amphetamines and tetrahydrocannabinol (THC). Following a light breakfast, they completed a visual analog sleep questionnaire and the baseline subjective-effects questionnaire and psychomotor task battery (described below). After baseline assessments, participants were given the monetary reinforcer and drug, which was insufflated immediately. Then, they completed four task batteries, took a 45-minute lunch break period and completed two additional task batteries.
Subjective effects and cardiovascular measures were assessed at baseline and 5, 15, 30, 60, 90, 120, 180 and 240 minutes post-drug administration. Blood samples were collected at baseline and 15, 60, 90, 120, 180 and 240 minutes post-drug administration via an intravenous (i.v.) line, which was kept patent by a physiological saline solution drip.
Upon completion of a session, participants were evaluated for signs of intoxication, passed a field sobriety test, provided fare for public transportation and excused.
Choice (self-administration) sessions
The second day of each block was identical to the first with two exceptions: (i) blood samples were not collected; and (ii) after baseline assessment, participants completed a 50-minute computerized self-administration task. On this task, participants were given 10 opportunities to choose between 10% of the drug dose or 10% of the monetary reinforcer that they received on the previous day. Responses consisted of finger presses on a mouse manipulandum. The response requirements to choose drug or money increased independently as follows: 50, 100, 200, 400, 800, 1200, 1600, 2000, 2400 and 2800 responses. In order to receive 100% of either reinforcer, a participant had to select that reinforcer on all 10 trials and make a total of 11 550 responses. Following completion of the task, participants received the chosen amount of drug and/or money.
Subjective effects and psychomotor battery
The computerized visual analog questionnaire (VAS) consisted of a series of 100-mm lines labeled 'not at all' at one end and 'extremely' at the other end [22] . The lines were labeled with adjectives describing a mood (e.g. 'I feel . . .', 'irritable', 'talkative'), a drug effect (e.g. 'I feel . . .', 'stimulated', 'a good drug effect') or a physical symptom ('I feel nauseous', 'I have a headache'). Additionally, at 45 minutes post-drug administration participants completed a drug-effect questionnaire (DEQ), during which they were required to rate 'good effects' and 'bad effects' on a five-point scale: 0 = 'not at all' and 4 = 'very much'. They were also asked to rate the drug strength as well as their 'desire to take the drug again'. Participants were also asked to rate how much they liked the drug effect on a nine-point scale: -4 = 'disliked very much' 0 = 'feel neutral, or feel no drug effect' and 4 = 'liked very much'. The computerized psychomotor task battery consisted of two tasks: (i) the digit-symbol substitution task (DSST), designed to assess changes in visuospatial processing [23] ; and (ii) the divided attention task (DAT), designed to assess changes in vigilance and inhibitory control [24] .
Drug
Methamphetamine HCl [provided by the National Institute on Drug Addiction (NIDA)] and d-amphetamine sulfate (provided by Cambrex, Charles City, IA, USA) were prepared by the New York State Psychiatric Institute (NYSPI) Pharmacy. Lactose powder was used as a placebo and added to each active amphetamine dose (12 and 50 mg/70 kg) to achieve a final weight of 60 mg/70 kg. A research nurse placed each dose in a small medicine cup, along with a plastic straw (~7 cm). Participants were instructed to insufflate the entire dose within a 30-s period in either one or both nostrils. This procedure has been shown to produce dose-dependent changes in subjectiveeffects measures and cardiovascular activity [22] . All drugs were administered in a double-blind manner.
Data analysis
For each choice session, choice data were analyzed using a single-factor repeated-measures analysis of variance (ANOVA); the factor was drug condition (0, 12, 50 mg methamphetamine and d-amphetamine). Separate analyses were conducted for each group [i.e. those who received the $20 monetary reinforcer (n = 6) and those who received the $5 reinforcer (n = 7)]. For each sample session, cardiovascular effects, plasma levels and psychomotor performance data were analyzed using twofactor ANOVAs: the first factor was drug condition and the second factor was time (time and number of assessments varied depending on the measure). Subjectiveeffect ratings were summed across the session and analyzed using single-factor ANOVAs. The two groups did not differ on any physiological, subjective or performance measure; therefore, we combined these data for these analyses (n = 13). In order to assess the residual effects of the amphetamines, single-factor ANOVAs were conducted for subjective-effect ratings, cardiovascular measures and psychomotor performance data obtained 24 hours after drug administration (i.e. baseline measures on choice days). For all analyses, ANOVAs provided the error terms needed to calculate within-drug planned comparisons (0 mg versus all other doses, 12 mg versus 50 mg) and between-drug planned comparisons (methamphetamine versus d-amphetamine). Values were considered statistically significant at P < 0.05, using HuynhFeldt corrections when appropriate. Figure 1 (top left panel) demonstrates that methamphetamine and d-amphetamine increased plasma concentrations dose-dependently. Peak concentrations for both drugs were observed 3-4 hours after drug administration. All amphetamine doses increased plasma concentrations significantly compared to placebo and the 50-mg doses produced larger increases than the 12-mg doses (P < 0.0001 for all comparisons). Figure 2 (left panel) shows that, when $5 was the alternative reinforcer, participants selected a greater number of 50-mg methamphetamine and 50-mg d-amphetamine options compared to placebo (P < 0.05); there was no significant difference between methamphetamine and d-amphetamine. In contrast, when $20 was the alternative reinforcer, participants overwhelmingly chose the monetary option and no significant dose effects were noted ( Fig. 2; right panel) . Overall, participants chose 41% of drug options under the $5 condition but only 17% of this option under the $20 condition. Figure 1 (top right and bottom panels) displays cardiovascular measures as a function of dosing condition and time. Relative to placebo and the 12-mg doses, both 50-mg doses increased heart rate (HR), systolic pressure (SP) and diastolic pressure (DP: P < 0.01 for all comparisons) significantly. Regarding HR, methamphetamine produced greater increases than d-amphetamine (P < 0.05). In contrast to peak drug plasma concentrations, which occurred hours after drug administration, peak cardiovascular effects occurred within 15 minutes.
RESULTS
Plasma methamphetamine and d-amphetamine levels
Acute effects
Methamphetamine and d-amphetamine choice (self-administration)
Cardiovascular effects
Acute effects
Residual effects
Both methamphetamine doses and the large damphetamine dose caused baseline HR on choice days to remain increased significantly 24 hours after their administration compared to placebo (0 mg: 76.8 Ϯ 2. Figure 3 shows the effects of dosing condition on selected subjective-effect ratings summed across the entire sample session. Relative to placebo and the 12-mg amphetamine doses, both large doses increased visual analog questionnaire (VAS) ratings of 'good drug effect' and 'high' significantly, as well as DEQ ratings of 'desire to take drug again' (P < 0.05 for all comparisons). Ratings between the two amphetamines on several subjective-effect items did not differ significantly, but some differences were observed. For example, the large methamphetamine dose elevated ratings of 'high' significantly compared to the large d-amphetamine dose (P < 0.05). Additional statistically significant VAS and DEQ effects are summarized in Table 2 .
Subjective effects
Acute effects
Residual effects
Relative to placebo and all other active drug conditions, under the 50-mg methamphetamine dose condition ratings of 'content' were significantly lower approximately 24 hours after drug administration (0 mg = 54.6 Ϯ 8.6; 12 mg d-amphetamine = 51.6 Ϯ 9.6; 12 mg MA = 52.6 Ϯ 10.3; 50 mg d-amphetamine = 54.7 Ϯ 10.8; and 50 mg MA = 40.7 Ϯ 10.0, P < 0.05 for all comparisons). No other significant subjective effects were observed.
Psychomotor performance effects
Acute effects Figure 4 shows that both amphetamines improved performance on the DAT. Compared to placebo, all active doses increased maximum tracking speed, while the smaller methamphetamine and d-amphetamine doses decreased mean hit latency (P < 0.05 for all comparisons). No other significant drug effects on performance were noted.
Residual effects
No significant residual performance effects were observed.
DISCUSSION
The present findings show that when participants had the choice between the larger dose of drug and $5, methamphetamine and d-amphetamine (50 mg/70 kg) increased the number of selected drug options similarly. By contrast, when a higher magnitude monetary reinforcer ($20) was available, drug self-administration was diminished significantly. Consistent with these results, methamphetamine and d-amphetamine produced similar effects on the majority of subjective, physiological and behavioral measures. Both drugs enhanced ratings of euphoria and mood, increased cardiovascular activity and improved psychomotor performance. Methamphetamine did, however, engender greater effects on some measures (e.g. heart rate and ratings of 'high'). These data generally agree with previous studies that have compared low doses of oral methamphetamine and d-amphetamine [10] [11] [12] ; they extend earlier findings by providing the first data directly comparing intranasal selfadministration of the two stimulants. As predicted, methamphetamine and d-amphetamine (50 mg/70 kg) similarly increased drug selfadministration; regardless of amphetamine, participants chose approximately 47-50% drug. This is consistent with results from the pre-clinical literature indicating that rats and rhesus monkeys self-administer both amphetamines at equivalent rates [8, 9] . Conversely, when $20 was the alternative reinforcer, both amphetamines were self-administered no more than placebo. Thus, amphetamine self-administration is malleable in the presence of higher and lower magnitude reinforcers and provides further evidence that monetary incentives may be particularly efficacious in substance abuse treatment programs that rely on alternative reinforcers to reduce problematic stimulant use (see ref. [25] for review). It is important to note, however, that it is unclear whether the current self-administration data would generalize to illicit methamphetamine use in the natural ecology. During the current study participants were given the opportunity to self-administer amphetamines in the morning and were then required to complete a 4-hour work period consisting of computerized tasks. This procedure is quite different from recreational amphetamine-taking outside the laboratory [13, 26, 27] . It is possible that we would have observed a different pattern of self-administration had the drugs been made available during the evening, in a social setting with fewer work requirements. Nevertheless, the current choice data do not support the view that methamphetamine is a more potent reinforcer in humans compared with d-amphetamine.
We hypothesized that the drugs would produce equipotent mood effects. For many subjective-effects measures, this prediction was borne out. The larger methamphetamine and d-amphetamine dose increased ratings of 'energetic' 'good drug effect' and 'social' and decreased ratings of 'sleepy' and 'tired' to the same extent. Conversely, high-dose methamphetamine effects were significantly greater for DEQ ratings of good effects and drug strength as well as VAS ratings of 'high', 'stimulated' and 'heart pounding'. Furthermore, at the smaller doses only methamphetamine increased several mood ratings including 'alert', 'energetic' and 'good drug effect'. These observations appear to be inconsistent with data from previous studies indicating that the drugs produced equipotent subjective effects [12] . One explanation for this discrepancy is that the previous studies administered low oral doses (e.g. 10 mg). In this study, the drugs were given via the intranasal route, which is associated with a relatively faster onset of effects [22, 28] . It is possible that some amphetamine-related effects are subtle and can only be detected following drug administration via a route associated with a rapid onset of effects. An alternative explanation is that the previous studies employed participants with no methamphetamine experience. By contrast, participants in the present study were current illicit methamphetamine users who used the drug regularly. Considering that acute drug effects can be influenced by use experience and learned associations [29, 30] , it is possible that the more prominent subjective responses caused by methamphetamine were due partially to a learned response to potentially subtle methamphetamine-related interoceptive cues.
Concordant with the subjective effects findings, both amphetamines enhanced cardiovascular activity. The larger dose (50 mg) produced equivalent increases on blood pressure. Although both drugs increased heart rate, methamphetamine engendered greater sustained increases than d-amphetamine. Furthermore, approximately 24 hours after drug administration, heart rate remained elevated under both large amphetamine conditions and the 12-mg methamphetamine condition. In general, these results are consistent with previous findings from separate investigations of the acute cardiovascular effects of intranasal d-amphetamine [31] and the acute and residual effects of intranasal methamphetamine [22, 32] . However, the current cardiovascular data should be interpreted within the context of a potential limitation: this study was conducted in an out-patient setting. Thus, several uncontrolled factors may have potentially influenced amphetamine-related residual cardiovascular effects. For instance, it is possible that participants may have consumed drugs outside of the laboratory that were undetected by standard urine toxicology. Future studies might investigate the relative residual effects of methamphetamine and d-amphetamine in an in-patient setting.
None the less, these data highlight the importance of distinguishing between pharmacological profile and dose potency when comparing drug effects. That is, even though the 50-mg methamphetamine dose produced greater increases on some subjective measures and heart rate than the identical d-amphetamine dose (dose potency), the totality of the data suggest that a slightly larger dose of d-amphetamine would have produced an identical profile of effects. Findings from a human drug discrimination study provide partial support for this view [11] . In that study, lower oral methamphetamine doses (10 and 20 mg) produced identical discriminative stimulus effects as the larger training d-amphetamine dose (30 mg) in two of four participants.
In conclusion, these results show that: (i) intranasal methamphetamine and d-amphetamine were selfadministered by experienced methamphetamine users at similar rates; and (ii) amphetamine self-administration was malleable in the presence of an alternative monetary reinforcer. The effects of these amphetamines on mood, cardiovascular activity and psychomotor performance were nearly identical with a few exceptions (i.e. methamphetamine produced greater effects on some measures of mood and heart rate). Thus, the current data also provide additional evidence demonstrating the dissociation between drug self-administration and drugrelated subjective effects. While the self-administration data lend support to the idea that the two amphetamines have an identical abuse potential, some subjective-effect ratings were more sensitive in differentiating between the drugs. This emphasizes the importance of also assessing subjective effects measures when determining the abuse potential of a drug. Finally, because the present data show that these amphetamines produced predominately similar effects, studies using d-amphetamine are germane to understanding the behavioral and pharmacological variables that contribute to the abuse of methamphetamine.
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